Abstract: New alternative laboratory means are needed to improve the options for antemortem diagnosis of avian aspergillosis. In this study, 3-hydroxybutyrate was measured in plasma samples collected from a cohort of African penguins (Spheniscus demersus) maintained under human care. Results were interpreted in combination with those of protein electrophoresis and compared with anti-Aspergillus antibody and galactomannan antigen detection. Overall, 3-hydroxybutyrate levels were found significantly increased in Aspergillus-diseased cases versus the control penguin group (P ¼ 0.002). Mean absolute concentration of b-globulins was increased .20% in samples from infected birds, and a2-globublins were also found to be significantly increased versus clinically normal controls (P , 0.001 and P ¼ 0.001 respectively). Of note, the a2-globulins were also significantly increased versus penguins with inflammatory (non-aspergillosis) diseases (P ¼ 0.001). The specificity of 3-hydroxybutyrate, b-globulins, and a2-globulins for aspergillosis was 78.6%, 79.6%, and 92.2%, respectively. Using these measures in tandem resulted in high specificity (.90%) and negative predictive value (!80%). In contrast, anti-Aspergillus antibody and galactomannan antigen did not distinguish between infected cases and controls (P . 0.05). This study demonstrates that basic testing in tandem with the new biomarker 3-hydroxybutyrate may provide reliable evidence for the diagnosis of aspergillosis in penguins.
INTRODUCTION
Aspergillosis is a fungal airborne infection caused by ubiquitous molds of the Aspergillus genus. Aspergillosis can lead to a fatal outcome both in diseased humans and animals, especially when the diagnosis is delayed and the antifungal therapy is inadequate. 19, 25 Some birds are known to be particularly susceptible to aspergillosis, including African penguins (Spheniscus demersus) that are maintained under human care in aquaria or during rehabilitation. 25 Unfortunately, avian aspergillosis remains difficult to diagnose, as current laboratory diagnostics do not have consistent high sensitivity and specificity. In penguins, samples are often found negative for galactomannan antigen detection, 8 whereas most have high levels of anti-Aspergillus antibody reactivity regardless of clinical status. 7 Biopsy sampling for fungal culture or histopathology can be difficult to perform in ill or debilitated patients. Furthermore, some medical imaging, e.g. celioscopy, is also not readily available in every facility, whereas radiography is often unreliable and rarely yields findings for aspergillosis in penguins. 16 Veterinary practitioners currently depend on plasma protein electrophoresis (EPH) to address the diagnosis of aspergillosis and initiate preemptive antifungal treatment. 3, 8 Quantitation of serum proteins has been shown to reflect acute-phase responses through the demonstration of change in albumin, a negative acute-phase protein, and four globulin fractions that are often increased with different disease processes. 12 The diagnostic and prognostic application of data obtained from commercial semiautomated methods of protein fractionation has been well described in veterinary medicine. 12, 17 Thus, plasma electrophoresis has become more widely utilized in avian medicine over the last 20 yr. 2, 4, 5, 20, 28 Proteomics and metabolomics are innovative tools that enable the ex vivo study of pathologic processes. Their use in research has previously defined possible new biomarkers of infection. 10, 11 Recently, a significant increase of some lipoproteins, ketone bodies, and fatty acids, including 3-hydroxybutyrate, was reported through the use of proton nuclear magnetic resonance spectroscopy and robust multivariate analysis in falcons with Aspergillus fumigatus versus healthy birds. 22 3-Hydroxybutyrate is a natural byproduct. 27 Elevation of this compound is believed to indicate behavioral or metabolic adjustments directed to spare energy and body protein during infection. 23, 24, 26 It indirectly reflects the need for activating fat mobilization. 1 In experimental studies, it was demonstrated to increase in some vertebrate species, especially in birds, 1, 23, 24, 26 but comprehensive clinical trials are lacking. In the present study, the diagnostic value of 3-hydroxybutyrate measurement was assessed with comparison and in combination with EPH in a cohort of blood samples from African penguins that had aspergillosis.
MATERIALS AND METHODS

Case definition
The definitive diagnosis of ''proven'' or ''probable'' fungal infection had been assigned according to the classification derived from the definition utilized in human medicine. 9 Proven cases were based on histopathologic evidence (n ¼ 7) and probable cases had positive fungal cultures in conjunction with clinical signalment and corroborative imaging investigations (n ¼ 15). Penguins with clinical signs of aspergillosis, but with neither positive fungal cultures/histopathology evidences nor imaging findings available, were considered ''possible'' diagnosis (n ¼ 25) if they responded to antifungal treatment. 7 The control groups included penguins undergoing varied nonAspergillus inflammatory diseases (n ¼ 29) and clinically normal birds (n ¼ 96).
The ages of the clinical groups were as follows: Aspergillus-diseased, 8.5 6 3.9 yr; inflammatory controls, 23.8 6 4.0 yr; clinically normal controls, 8.4 6 3.8 yr. The percentage of male patients in each group was 69.6%, 56.3%, and 51.6%, respectively.
Samples and diagnostic testing
Heparinized plasma samples were submitted from different participating institutions and included some samples that were obtained as part of a current health surveillance. The majority of the samples had been banked at À808C for extended periods of time. Samples with moderate to marked hemolysis were not used in this study.
Detection of anti-Aspergillus antibody was conducted via a previously described enzyme-linked immunosorbent assay technique using bulk Aspergillus identification antigens made of pooled mycelial-phase culture filtrates of Aspergillus species (IMMY, Norman, OK 73071, USA). 7 Galactomannan antigen was measured in blood according to the manufacturer's recommendations (Bio-Rad Clinical Diagnostics, Hercules, CA 94547, USA). 3, 7, 8, 13 EPH results were obtained from the SPIFE 3000t electrophoresis analyzer (Helena Labs, Beaumont, TX 77707, USA).
3 EPH fractions were subcategorized as abnormal on the basis of at least a 10%-change (in absolute concentration) compared with the reference intervals (RIs).
3-Hydroxybutyrate measurement analysis was conducted in plasma using the RX Daytonaþt instrument with Randoxt reagents (Randox Laboratories, Kearneysville, WV 25430, USA).
Statistical analysis
Methods validation was conducted according to prior recommendations. 15 Statistical analysis was completed by using XLStat Premium v.18.07t software (Addinsoft, Paris, France). The distribution of the data was normal; the P-value was obtained by the Kruskal-Wallis test. The guidelines of American Society for Veterinary Clinical Pathology for publication of clinical pathology data were followed 14 using MedCalc v.16.4.3 (MedCalc software, 8400 Ostend, Belgium). RIs for electrophoresis values for African penguins were lab originated, on the basis of a sample set of n ¼ 120 and the parametric method.
RESULTS
Clinical group definition
Characteristics of included penguins are listed in Table 1 . Overall, 172 blood samples were collected from naturally infected cases (n 1 ¼ 47) and from control penguins with inflammatory disease (n 2 ¼ 29, inclusive of chronic arthritis, mild viral bronchitis, malaria, chronic anemia, and metastatic adenocarcinoma) or clinically normal status (n 3 ¼ 96, as reported by submitting institutions).
Clinical suspicion of aspergillosis was very strong in most diseased cases: 67.6% showed respiratory signs (e.g., dyspnea, wheezing, gasping, stridor, open-mouth breathing, coughing, changes in vocalizations), 11.8% neurological signs (e.g., ataxia, opistophonos, torticollis, limb paresis, blindness, behavioral changes), and 76.5% general signs (e.g., lethargy, anorexia, weight loss, lack of appetite, sternal recumbency, regurgitation).
Antibody and antigen detection
The level of reactivity for anti-Aspergillus antibody was not different between the Aspergillusdiseased cases and the control groups (P . 0.05, Table 1 ): 92.3%, 69.2%, and 79.2% of samples expressed positive reactivity with an index !1.4 among Aspergillus-diseased, non-Aspergillus inflammatory control, and clinically normal penguins respectively.
There were also no significant differences between the penguin groups for the mean measure of galactomannan antigen (P . 0.05, Table 1 ). For example, 23.1% of Aspergillus-diseased birds had an antigen index !0.7, whereas 37.5% of non-Aspergillus inflammatory controls had an index !0.7.
Plasma protein electrophoresis
The albumin-globulin (A-G) ratio, prealbumin concentration, and a1-globulins were found to be significantly lower in the Aspergillus-diseased cases versus clinically normal penguins (P , 0.005). In contrast, a2-, b-, and c-globulins were significantly increased in Aspergillus-diseased birds versus clinically normal penguins (P , 0.005) ( Table 1) . Notably, respective mean concentrations for the Aspergillus-diseased cases were not different from those for the non-Aspergillus inflammatory controls, except for a2-globulins (1.13 g/dL 6 0.27 versus 0.86 g/dL 6 0.20, P , 0.005). A typical EPH pattern for a clinically normal penguin and a penguin with aspergillosis is shown in Figure 1 .
Overall, significant changes were observed for A-G ratio in 66.7% and 58.6%, for prealbumin in 25.6% and 36.4%, for albumin in 58.5% and 34.6%, for a1-globulins in 7.3% and 13.6%, for a2-globulins in 45.2% and 18.2%, for b-globulins in 57.1% and 48.1%, and for c-globulins in 36.6% and 32.1% of samples from Aspergillus-diseased cases and nonAspergillus inflammatory controls, respectively. bGlobulins reflected the largest increases in Aspergillus-diseased penguins (þ20.4% compared with upper normal limit in absolute concentration). The specificity of b-globulins increases .1.52 g/dL was 79.6% (confidence interval [CI] 72.2-84.9%). However, elevated a2-globulins demonstrated higher specificity to aspergillosis at 92.2% (CI 96.0-95.3%) when positive cutoff was set at 1.16 g/dL.
3-Hydroxybutyrate measurement
The mean concentration of 3-hydroxybutyrate in penguin plasma was 1.33 6 0.59 mM/L in Aspergillus-diseased cases (Table 1) . It was significantly higher than that observed in the two control groups, i.e., 0.94 6 0.13 mM/L and 0.77 6 0.22 mM/L for the clinically normal and the non-Aspergillus inflammatory penguins, respectively (P ¼ 0.002) (Fig. 2) .
Receiving operator characteristic curve established the lower positive cutoff at 0.60 mM/L, but the specificity was not satisfactory (53.6% [CI 35. 8 Table  2) .
Diagnostic performance of combined tests
With the upper cutoff of 3-hydroxybutyrate (0.94 mM/L) and an increase in a2-globulins (.1.16 g/dL), sensitivity and specificity of the combined test were assessed at 54.5% (CI 50.5-58.5%) and 98.4% (97.4-99.4%), respectively. The negative predictive value (NPV) was high, e.g. 79.9% (CI 72.9-85.2%). When the combination of elevated 3-hydroxybutyrate and b-globulins was examined, the specificity was 93.8% (CI 87.7-96.5%) and the NPV was 81.3% (CI 75.2-87.3%). When all three tests showed elevated values, the specificity was 97.9% (CI 92.8-99.2%).
DISCUSSION
As with other animal species and humans, diagnosis of aspergillosis in birds remains difficult.
3,6-8 Antemortem diagnostics display poor performance. As demonstrated in this study, serologic assays are often not able to distinguish between controls and Aspergillus-diseased cases. In the current work, the mean indices for antiAspergillus antibody detection were similar to those observed in 108 other penguins in a prior study. 7 In contrast to psittacine EPH where b-globulins are the dominant globulin fraction in clinically normal birds, the EPH of the penguin demonstrates a significant level of protein in the a2-as well as b-globulins, and is a reflection of an increase in a myriad of positive acute-phase proteins (Fig. 1) . 4, 12, 17 The significant change in a2-globulins in Aspergillus-diseased penguins is interesting and may reflect an increase in haptoglobin, which may reflect a chronic inflammatory process (C. Cray, personal observation). Changes in c-globulins would be consistent with the stimulation of humoral immunity. The a1-fraction remains poorly defined regardless of clinical condition. A prealbumin fraction is present as a shoulder migrating to the left of the albumin fraction. The clinical significance of prealbumin in birds has not been defined; however, prealbumin has been observed to decrease in falcons with naturally acquired and experimentally induced aspergillosis. 18, 29 In clinically abnormal penguins, a moderate decrease in percent albumin is often present; this is supportive of its designation as a negative acute-phase protein. In a recent study of aspergillosis in Gentoo penguins (Pygoscelis papua), optimized cutoff values for albumin showed a strong NPV for assessing survival. 21 Also important, EPH has been demonstrated to be the only valid method (versus bromcresol green methods) for albumin quantitation. 6 Plasma changes in 3-hydroxybutyrate concentration were hypothesized to have diagnostic relevance upon observation of increased concentration in experimentally infected falcons. 22 In the current study, it was statistically determined in a cohort of Aspergillus-diseased penguins, with an elevated mean measurement at 1.33 6 0.59 mM/ L. In the present work, in nine penguins with history of resolved Aspergillus infection (diagnosis established 68 6 14 days earlier; 100.0% recovered when treated with antifungal drugs), the mean concentration for 3-hydroxybutyrate was low (0.86 6 0.10 mM/L). In contrast, a high value of 6.00 mM/L was reported in a severely infected penguin 3 days before its death. Overall, concentrations .1.90 mM/L were observed in penguins at the apparent peak of the aspergillosis with significant clinical signs including hyperinflated cervical air sacs, coughing, wheezing, and stridor, and strongly suggestive radiographic findings. These observations suggest a possible prognostic value of 3-hydroxybutyrate concentration as levels return to normal when penguins recover, in contrast to the very elevated levels when clinical signs of the aspergillosis are severe. Of note, in vitro studies of human neutrophil function showed that phagocytosis was impaired with higher levels of 3-hydroxybutytrate, so it may be hypothesized that ketosis in penguins may also affect the anti-Aspergillus response. 30 Notably, a special caution should be raised given the wide CIs of the 3-hydroxybutyrate results, which suggest interindividual variations that may be related to the known age differences and other unknown influences within this study. Elevation of 3-hydroxybutyrate was assumed to reflect the need for energy during the infection, although it has also been shown to be a predictor of growth rates in gull-billed tern (Gelochelidon nilotica) chicks. 1 In a study of the white-throated sparrow (Zonotrichia albicollis), it was found to increase with higher-fat diets, and there was a negative correlation with glucose intake. 26 Hydroxybutyrate levels have been found to be steady in emperor penguins (Aptenodytes forsteri) in early fasting periods. 24 This is contrasted by a study of overnight and 1-wk fasting in ducklings where hydroxybutytrate levels increased 7.6-and 17.4-fold, respectively. 23 Overall, these studies suggest that variations in 3-hydroxybutyrate may be linked to overall nutritional status-energy balance. On a more detailed review of the medical records on the patients in this study, 51% of the penguins with aspergillosis showed weight loss or anorexia or severe regurgitation (or all three). In this group, the mean concentration was 1.50 6 0.54 mM/L (CI 1.12-1.87). Furthermore, 34.5% of the penguins in the inflammatory control group also had this clinical signalment, but, as a group, the 3-hydroxybutyrate levels were below those of the clinically normal controls. In total, these data, although preliminary and not based on quantitative assessments of the anorexic state of the penguins, suggest that the presence of a fasted state does not likely completely account for the current observations regarding the significance of 3-hydroxybutyrate in the diagnosis of aspergillosis. Future studies should be undertaken to examine the effects of age and anorexia on 3-hydroxybuytrate levels in this species.
The use of a panel of tests is assumed to be theoretically able to overcome specificity limitations. Because EPH and 3-hydroxybutyrate assessment are two distinct tests, they have independent false-positive and false-negative rates that are unlikely to occur in the same study cases. The results showed that if both EPH fractions and 3-hydroxybutyrate levels were normal, the probability appeared high that the penguin was not infected with Aspergillus, with NPV calculated at 80.5% (CI 74.5-86.5%).
In conclusion, this brief report underscores the potential utility of 3-hydroxybutyrate measurement for the initial diagnosis of aspergillosis in penguins, especially when combined with routine testing like EPH. Further studies are warranted to confirm the diagnostic and prognostic benefits of 3-hydroxybutyrate in other penguin and avian species.
